ABSTRACT
INTRODUCTION
Placental insufficiency with intrauterine growth restriction (IUGR) is an important cause of perinatal mortality and morbidity 1, 2 . Fetuses with severe IUGR suffer chronic hypoxia and have a higher risk of preterm birth and acute perinatal distress 1, 3 . Severe IUGR is also associated with long-term sequelae including significant neurodevelopmental impairment, such as suboptimal school performance, and attention and cognitive function disorders 4, 5 . For fetuses with chronic hypoxia, the main adaptive response is redistribution of blood flow towards the brain. This brain-sparing effect maintains cerebral oxygenation and brain development for as long as possible, and the precise timing of brain impairment is unknown. In clinical practice, such high-risk pregnancies are monitored by ultrasound (fetal growth and amniotic fluid volume) with Doppler analysis (umbilical, cerebral, ductus venosus) and fetal heart-rate monitoring. In severe cases, absent or reversed umbilical artery diastolic flow is thought to reflect increased vascular resistance in the umbilical-placental microcirculation, and increased fetal cerebral diastolic flow reflects cerebral vasodilatation as a compensatory mechanism for hypoxia 6, 7 . It would be useful to determine the limit beyond which chronic hypoxia may expose the fetus to irreversible ischemic brain damage. In this situation, the decision to deliver must outweigh the risks of prematurity. Fetal brain magnetic resonance imaging (MRI) is used increasingly in fetal care, but its role in severe IUGR has not yet been determined. Conventional sequences can demonstrate restricted fetal brain growth, delayed gyration or focal ischemic or hemorrhagic lesions, which can be encountered in cases of severe IUGR 8, 9 , but these are non-specific and the diagnosis of diffuse chronic ischemic brain injury remains difficult.
Diffusion-weighted MRI (DWI) can detect microstructural brain changes preceding changes on conventional MRI sequences. DWI allows an objective quantitative measurement of the apparent diffusion coefficient (ADC), based on water diffusion on a cellular scale. DWI provides an indirect estimate of fetal brain maturation [10] [11] [12] [13] , and ADC measurement has been shown to be reproducible across different gestational ages 11, 14, 15 . It has a potential role in detecting and characterizing diffuse injuries of the fetal brain and may also help to determine the prognosis, although there are few studies on fetal brain DWI for the assessment of possible IUGR 16 . One study suggested that higher ADC values may be detected at term in the pyramidal tract of IUGR fetal brains compared with normal controls, but lesions may be detectable earlier 17 . The aim of this study was to determine if DWI of the fetal brain can demonstrate differences between fetuses with severe IUGR and normal controls during the third trimester of pregnancy. The secondary objective was to assess the outcome of these severe IUGR fetuses.
METHODS

Population
This retrospective study was approved by our institutional review board (number 2012/018/V2). All fetal brain MRI scans were performed at our institution, according to our protocols, following antenatal multidisciplinary team discussion and after maternal consent had been obtained. Gestational age was based on first-trimester ultrasound crown-rump length measurement.
IUGR group
Brain MRI data from fetuses with severe IUGR over a 6-year period (2007) (2008) (2009) (2010) (2011) (2012) were retrieved from our fetal MRI database. The obstetric database was searched for all consecutive pregnancies in which IUGR was identified on antenatal ultrasound. IUGR was defined as an estimated fetal weight < 3 rd centile for gestational age, according to reference curves 18 , together with abnormal uterine artery Doppler (decreased diastolic flow or protodiastolic notch) and severe abnormalities of umbilical artery Doppler (absent or reversed end-diastolic flow) on antenatal ultrasound. Patients with IUGR secondary to pre-eclampsia were included. In our institution, fetal brain MRI is performed only in severe IUGR fetuses with decreased head circumference on ultrasound and abnormal umbilical artery Doppler flow (absent or reversed end-diastolic flow) to rule out ischemohemorrhagic lesions before delivery. Therefore, only the most severely affected IUGR fetuses were included.
Exclusion criteria were multiple pregnancy, history of maternofetal infection, abnormal fetal karyotype, any associated fetal body abnormality detected on ultrasound and any fetal brain abnormality detected on conventional sequences. Cases for which DWI was non-diagnostic owing to motion artifact degradation were also excluded. Motion artifacts were detected on native DWI acquisition when changes in fetal head position were detected between the images, resulting in a blurred ADC map with poorly defined anatomical structures.
Data were retrieved on gestational age at MRI, pregnancy outcome, birth weight, birth-weight centile according to Association des Utilisateurs de Dossiers Informatisés en Pédiatrie, Obstétrique et Gynécologie (AUDIPOG) customized curves 19 , and clinical follow-up or autopsy, when available 11, 20 .
Control group
Fetal brain MRI scans considered as normal in fetuses with similar gestational age to that of the IUGR fetuses (27-33 weeks' gestation) were retrieved from our fetal MRI database. Exclusion criteria were the same as those for IUGR fetuses. Inclusion criteria included all singleton pregnancies eligible for fetal brain MRI in our institution (positive family history of cerebral malformation, suspicion of cerebral abnormality or low cerebral biometry on ultrasound not confirmed on MRI, mild uni-or bilateral ventriculomegaly < 12 mm with normal karyotype, isolated extracranial malformations such as bilateral clubfoot or bilateral cleft lip with normal karyotype, isolated polyhydramnios with normal karyotype or maternal disease with possible consequences for fetal cerebral development, such as systemic lupus erythematosus or immunosuppressive therapy), without brain abnormalities detected in antenatal or postnatal periods. In all cases, conventional MRI sequences were reported to show normal morphology with normal brain biometry (Z-score, -2 to +2 according to gestational age) according to reference data 20 , and with no abnormalities in signal intensity. Data were retrieved on gestational age at MRI, pregnancy outcome, birth weight, birth-weight centile according to AUDIPOG customized curves 19 , together with the neonatal examination (weight, height and head circumference with standard examination, including neurological evaluation), when available, to exclude postnatally detected abnormalities.
MRI protocol
All examinations were performed following antenatal multidisciplinary team discussion. Fetal MRI was performed using a standardized protocol on a Philips 1.5 T Intera Medical System machine (Philips Healthcare Ltd, Best, The Netherlands), with a conventional phased-array body coil, 20-30 min after administration of 1 mg of sublingual flunitrazepam (Rohypnol ® ; Roche Products Ltd, Welwyn Garden City, UK) for fetal sedation, according to our local hospital policy 11, 20 . The following conventional sequences were used: a T2-weighted single-shot turbo spin-echo (T2-TSE) sequence (repetition time (TR)/echo time (TE), 24 617/100 ms; number of excitations (NEX), 1; flip angle, 90
• ; TSE factor, 84; matrix, 256 × 256; field of view (FOV), 280 mm; section thickness, 3 mm; acquisition time, 24 s) and a T1-weighted spin-echo (T1-SE), spectral presaturation inversion recovery sequence (TR/TE, 697/14 ms; NEX, 2; flip angle, 90
• ; matrix, 256 × 256;
FOV, 320 mm; rectangular FOV, 75%; section thickness, 4 mm; acquisition time, 2 min 56 s). T2-weighted sequences were obtained in three orthogonal planes and T1-weighted sequences were obtained in at least one plane, axial or coronal. DWI was performed using single-shot spin-echo-planar imaging (EPI) in the axial plane, with the following parameters: 22 images in six non-collinear axis directions, EPI factor, 95; shortest TR, 3100 ms; TE, 88 ms; FOV, 250 mm; matrix, 256 × 256; slice thickness, 4 mm with 1-mm gap; acquisition time, 57 s. Diffusion-gradient values were b = 0 and b = 700 s/mm 2 . The maximal b-value of 700 was chosen to increase signal-to-noise ratio of the immature fetal brain.
MRI analysis
Conventional sequences
Brain morphology and signal were analyzed by consensus of three experienced pediatric radiologists with more than 10 years of experience in fetal brain MRI. Brain biometry was measured according to reference data 20 . Supratentorial measurements included biparietal diameter (BPD) and frontal-occipital diameter (FOD). Infratentorial measurement included transverse cerebellar diameter (TCD). Measurements were expressed as Z-scores according to gestational age 20 .
DWI analysis: ADC measurement
The parametric maps of ADC were obtained on the acquisition console. For this, the ADC was calculated pixel by pixel, using the equation: S(b) = S(0) × Exp(-b × ADC), where S(b) is the signal intensity for the given value of b and S(0) is the signal intensity without diffusion gradient (b = 0). Data were transferred to a Viewforum console (Philips Healthcare Ltd) for analysis.
Measurements were standardized according to neuroanatomical landmarks 11 . For each fetal brain MRI, 11 circular regions of interest (ROIs) were drawn manually and plotted on ADC maps by the same operator (O.J.A., with 2 years of experience in fetal brain MRI), after a training session. Each ROI was selected according to the following criteria and the structure measured in each hemisphere:
• Frontal white matter (FWM): anterior to the frontal horn, on the axial slice at the level of both the frontal horn and the atria (ROI surface, 30-60 mm 2 ).
• Occipital white matter (OWM): posterior to the atria on the same slice as described above (ROI surface, 30-60 mm 2 ).
• Centrum semiovale (CSO): in the middle of the white matter of the CSO, in the area located just below the central sulcus on the first axial slice located above the ventricles (ROI surface, 30-60 mm 2 ).
• Thalami: in the middle of each thalamus on the axial slice at the level of the basal ganglia (ROI surface, 30-60 mm 2 ).
• Cerebellar hemispheres (CBH): in the middle of each cerebellar hemisphere, on the axial slice at the level of the cerebellar peduncles (ROI surface, 5-15 mm 2 ).
• Pons: in the middle of the pons, anteriorly to the fourth ventricle, on the axial slice, as described previously (ROI surface, 5-15 mm 2 ).
For each ROI, a mean ± SD ADC value (× 10 -3 mm 2 /s) was obtained. A ROI as large as possible was obtained, centered on the area of interest but avoiding adjacent structures such as cerebrospinal fluid spaces. To ensure that the ROI was representative, the relative SD of all the pixels had to be < 10% of the mean ADC value, or the ROI was decreased progressively in size until this SD was obtained.
Relative maturation gradient was assessed using ADC ratios for each individual 11 . The frontal-occipital (FWM/OWM) ADC ratio was used to assess the frontal-occipital gradient of maturation. The frontal-cerebellar (FWM/CBH) ADC ratio was used to assess the cranial-caudal gradient of maturation.
Histology
Fetal brains were obtained from medically terminated pregnancies or after neonatal death following the parents' informed consent and according to legislation. The gestational age of the fetus was confirmed at autopsy by evaluation of fetal biometry and organ and skeletal maturation. The brain was removed and fixed in 10% buffered formalin, supplemented with 3 g/L zinc sulfate, over a period of approximately 3-4 weeks. The brain was then sliced in coronal sections of 0.5-cm thickness for routine examination. The area of interest analyzed on MRI was sampled, cut in several parts (from two to three blocks) and embedded in paraffin. Serial sections (4-μm thickness) were performed on SuperFrost Plus™ slides (ThermoFisher Scientific, Waltham, MA, USA). One slice was stained with hematoxylin/eosin for histological analysis.
Follow-up of IUGR neonates
All IUGR neonates born in our institution underwent transfontanellar ultrasound examination after birth. For those born before 32 weeks' gestation, ultrasound examination was performed at least before day 3 and at around day 8 and day 21 and at 36 weeks' corrected gestation. For those born after 32 weeks, ultrasound examination was performed within the first week and at 36 weeks' corrected gestation. Those born before 30 weeks also had a MRI at term-equivalent age (39-41 weeks' corrected gestation), with conventional sequences (T1-SE, T2-TSE, T2 dual echo, T2-fast field echo) and DWI (single-shot spin-EPI, six non-collinear axis directions, b = 0 and b = 1000 s/mm 2 ). Clinical follow-up was performed by a neuropediatrician at least once a year until 7 years of age. When the neuropediatrician was concerned about the child's cognitive functioning or competency, a neuropsychological assessment was performed using the Wechsler Preschool and Primary Scale of Intelligence.
Statistical analysis
ADC values are presented as mean ± SD. Student's unpaired t-test was used to assess mean differences between groups, with significance set at P < 0.05. Analysis was carried out with GraphPad Prism software (version 5.0, San Diego, CA, USA).
RESULTS
Population
We identified retrospectively 35 singleton pregnancies eligible for inclusion in the study, fulfilling the criteria for IUGR. Five fetuses were excluded, as DWI was non-diagnostic owing to motion-artifact degradation. The remaining 30 IUGR fetuses were compared with a group of 24 normal controls with similar gestational age for which brain biometry, morphology and signal were normal on MRI. Indications for fetal brain MRI in the control group included: previous family history of cerebral malformation (n = 2), suspicion of cerebral anomalies on ultrasound but not confirmed on MRI (n = 7), mild ventriculomegaly (< 12 mm; n = 5), isolated extracranial malformations, such as bilateral clubfoot (n = 4) or bilateral cleft lip (n = 2), unexplained polyhydramnios (n = 2) or maternal indication (n = 2).
There was no difference in gestational age at MRI (controls, 30.7 ± 1.4 weeks vs IUGR, 30.2 ± 1.6 weeks; P = 0.3) or gender distribution (males, 50% vs 52%; P = 0.5) between the two groups.
The mean birth weight for IUGR fetuses was significantly lower than for normal controls (916 ± 270 g vs 3196 ± 613 g; P < 0.0001) with a significantly earlier mean gestational age at delivery (31.4 ± 1.7 vs 39.7 ± 3.2 weeks; P < 0.0001). All IUGR fetuses had a birth weight < 10 th centile, with the majority (23/29) being < 1 st centile. One IUGR fetus was lost to follow-up before delivery.
As the results of fetal MRI often triggered the decision to induce delivery in the IUGR group, the mean time interval between MRI examination and delivery was predictably shorter for the IUGR group than for controls (1.06 ± 1.04 vs 8.75 ± 3.25 weeks, respectively). All except two IUGR fetuses were born by Cesarean section before onset of labor.
The 30 IUGR pregnancies resulted in 26 live births with two neonatal deaths, two terminations of pregnancy, one intrauterine death and one pregnancy that was lost to follow-up before delivery. The 24 normal control pregnancies resulted in 23 live births, with one termination of pregnancy for suspected extracerebral malformation, though the brain was shown to be normal at autopsy.
Conventional sequences
Brain morphology, biometry and signal were normal for all control fetuses. Brain morphology and signal were normal for all IUGR fetuses (Figure 1 ). Brain biometric measurements were within the normal range (Z-score, > -2) for 10 IUGR fetuses, all supratentorial measurements were below the normal range (Z-score, < -2) in four IUGR fetuses and both supratentorial and infratentorial measurements were below the normal range (Z-score, < -2) in 16 IUGR fetuses (Figure 1 ). For biometry, mean BPD Z-score was -2.1 ± 1.19, mean FOD Z-score was -1.7 ± 0.9 and mean TCD Z-score was -2.05 ± 1.18.
ADC values
Compared with normal controls, IUGR fetuses had significantly lower ADC values for FWM (1.97 ± 0.23 vs 2.17 ± 0.22 × 10 -3 mm 2 /s; P < 0.0001), thalami (1.04 ± 0.15 vs 1.13 ± 0.10 × 10 -3 mm 2 /s; P = 0.0002), CSO (1.86 ± 0.22 vs 1.97 ± 0.23 × 10 -3 mm 2 /s; P = 0.01) and pons (0.85 ± 0.19 vs 0.94 ± 0.12 × 10 -3 mm 2 /s; P = 0.043) ( Table 1) . IUGR fetuses had a lower mean FWM/OWM ADC ratio (1.00 ± 0.11 vs 1.08 ± 0.05; P = 0.003) than did normal fetuses (Table 1 and Figure 2 ).
IUGR outcome
Among the 30 IUGR fetuses, one pregnancy was lost to follow-up before delivery.
Termination of pregnancy or fetal death in utero
One IUGR fetus died in utero but the parents declined autopsy. Two pregnancies were terminated and autopsy demonstrated decreased brain biometry with hypoxia-related injuries in both fetuses. One demonstrated severe periventricular white-matter softening, characterized by edema and diffuse gliosis, predominant in the posterior area, and signs of acute ischemic lesion in the thalami and the germinative zone, with pyknotic neurons and microglial cell infiltration (Fetus A: Figure 3 and Table 2 ). The other fetus showed milder signs of acute and chronic hypoxia (Fetus B: Table 2 ).
Death in the neonatal period
One IUGR fetus died immediately after birth. Autopsy demonstrated signs of acute neuronal anoxia (pons, thalami and hippocampus), moderate edema of white matter and irregular germinative zone secondary to acute anoxia (Fetus C: Table 2 ). One IUGR neonate died from sepsis in the intensive care unit 20 days after delivery.
Lost to follow-up
Thirteen neonates were liveborn but were lost to follow-up after the neonatal period.
Long-term follow-up
Eleven IUGR fetuses were followed up after the neonatal period (mean, 4.8 ± 1.7 (range, 2.7-7.5) years; Table 3 ). For all cases, transfontanellar neonatal ultrasound examination was normal or demonstrated small germinal matrix hemorrhages. Three cases, born before 30 weeks, had MRI at term-equivalent age, with normal conventional sequences and ADC values within the normal range in two cases and increased ADC in FWM (1.8-1.9 × 10 -3 mm 2 /s) in the third case. On follow-up, seven cases had normal neurological development. Three had cognitive delay with decreased academic achievement, including one child that was finally diagnosed with Kabuki syndrome at 2 years of age. One had normal intellectual abilities (intelligence quotient > 85) but had specific disabilities (dyspraxia and attention deficit hyperactivity disorder) ( Table 3) . Data are given as mean ± SD or raw ADC values. CSO, centrum semiovale; FWM, frontal white matter; GA, gestational age; OWM, occipital white matter. 
DISCUSSION
Our results show that fetuses with severe IUGR (with normal conventional MRI sequences) had lower ADC values than did normal controls for the FWM, thalami and, to a lesser extent, the CSO and pons. FWM/OWM ADC ratio was also lower in IUGR fetuses than in normal controls. These results suggest that microstructural changes identified by fetal brain DWI could be a useful indicator of brain insult in severe IUGR pregnancies.
Decreased ADC values in the white matter could be explained by abnormal maturation. Normal ADC values in cerebral white matter tend to increase up to a peak at around 30 weeks' gestation owing to maturation of tissue processes that allows maximal cellular migration around this time, with a subsequent decline in ADC values after 30 weeks 21 . This latter decline is postulated to be due to combination of a decrease in total brain water content, increase in lipids associated with myelination and changes in intracellular macromolecule concentrations 21 . In our population, with a mean gestational age of 30.4 ± 1.74 weeks, decreased ADC values in the white matter could be related to delayed maturation. Normally, this decline in ADC values after 30 weeks occurs more rapidly in the occipital regions (earlier myelination, thus lower ADC values) than in the frontal regions, as demonstrated in a previous study with the use of ADC gradients 11 . In IUGR fetuses in our study, a significant decrease was found in ADC values in the frontal areas, and for the FWM/OWM ADC ratio, compared with normal controls. This suggests that the frontal lobes are particularly susceptible to chronic vascular insult.
In our population of pregnancies with severe IUGR, a second hypothesis for the DWI findings is ongoing acute ischemic lesions in these areas, which are likely to have the highest vulnerability to hypoxia. While this hypothesis is less likely, we sought histopathological confirmation but were only able to obtain this in two cases. Two pregnancies with severe IUGR were terminated and the fetal brain demonstrated mixed acute and chronic hypoxia-related injuries. One IUGR fetus that died immediately after birth demonstrated signs of acute brain hypoxia predominantly in the basal ganglia and in the pons, associated with white-matter edema, consistent with our imaging findings and our hypothesis of ongoing acute ischemic lesions.
Our results are in line with those of previous studies demonstrating the high susceptibility of the frontal brain in growth restriction, with pronounced decreases in frontal perfusion in severe IUGR fetuses, reduced frontal brain volume and altered white-matter microstructure predominant in the anterior white matter [22] [23] [24] [25] . Indeed, Hernandez-Andrade et al. 22 demonstrated regional changes in cerebral blood flow in IUGR fetuses, with an initial increase in frontal perfusion, followed by a decrease as the fetal condition worsened, whereas basal ganglia perfusion showed a steady and significant increase with fetal deterioration. It seems that, at earlier stages, higher cognitive functions of the frontal lobes supplied by the anterior cerebral artery are protected, but under chronic and more severe circumstances, perfusion redistribution aims to protect more elementary brain regions such as the basal ganglia and the brainstem supplied by the middle and posterior cerebral arteries 26 . Previous studies of infants born with IUGR have also demonstrated a decreased volume of gray matter in the thalami 25 . Structural changes in these brain areas comprising commissural, projection and associative tracts could explain developmental disabilities encountered in IUGR infants later in life, such as cognitive, emotional or behavioral disorders 5, [27] [28] [29] . Findings from animal studies are consistent with ours, also demonstrating microstructural changes in IUGR fetal brains. Animal models of IUGR with uterine artery ligation have shown significant white-matter lesions with reduction in the size of the somatosensory cortex, hippocampus and corpus callosum, with sparing of the primary motor cortex 30 . Eixarch et al. 31 studied rabbits with IUGR by diffusion tensor imaging and found abnormal connectivity with significant abnormalities of the gray and white matter, as measured by fractional anisotropy on MRI after birth.
In this preliminary study, we deliberately chose a cohort of the most severely affected IUGR fetuses in order to emphasize the differences between them and normal controls. We chose fetuses without brain lesions on conventional imaging in order to assess microstructural changes on DWI. Further studies could include fetuses with less severe IUGR to examine a potential threshold effect. Prospective studies with postnatal imaging and long-term standardized neuropsychological assessment up to 7 years of age are required to determine the prognostic value of DWI in IUGR fetuses. Indeed, some cognitive delays or specific disabilities (dyspraxia and attention deficit hyperactivity disorder) can be diagnosed only at, or after, school age. Our study has some limitations. We were unable to match precisely the cases to controls by gestational age at MRI, although there were no significant differences between populations, and, owing to our population catchment area, long-term follow-up data were limited. We also acknowledge that preterm infants are at increased risk of adverse neurodevelopmental outcomes, which may have affected our results, and that the range of outcomes in our IUGR population was varied, although we tried to restrict our study to the most severely affected IUGR fetuses.
In conclusion, fetuses with severe IUGR demonstrated abnormal brain ADC values compared with normal controls without signal abnormalities on conventional sequences during the third trimester of pregnancy. These preliminary results suggest that microstructural changes revealed by fetal brain DWI could be useful early markers of brain lesions in severe IUGR pregnancies. However, the significance and prognostic value of these ADC changes require further detailed study.
